Chronic kidney disease is a proinflammatory state associated with increased arterial stiffness. We hypothesized that chronic kidney disease patients on long-term immunosuppression would have lower arterial stiffness and require treatment with less antihypertensive medication compared with non-immunosuppressed patients. A total of 254 patients (97 on immunosuppression) with chronic kidney disease were recruited from specialist renal clinics. Brachial blood pressure, central aortic pressure and waveform and pulse wave velocity were measured. Age, peripheral blood pressure and pulse wave velocity increased with worsening renal function but were not different between immunosuppressed and non-immunosuppressed patients. Central systolic (Po0.001) and pulse pressure (P¼0.003) and the number of antihypertensive medications (Po0.001) increased with worsening renal function and were higher in non-immunosuppressed patients (P¼0.02, P¼0.004 and Po0.001, respectively). Age, mean arterial pressure, number of antihypertensive medications and a diagnosis of diabetes were found to be independent predictors of pulse wave velocity (R 2 ¼0.375; Po0.001). In a subgroup of 30 patient pairs without diabetes mellitus and cardiovascular disease and with a proven renal diagnosis, carefully matched for age, gender, renal function and systolic pressure, the prescribed antihypertensive medication remained lower in the immunosuppressed patients compared with nonimmunosuppressed patients (P¼0.04). Pulse wave velocity was lower in the immunosuppressed group (7.5 ± 1.8 vs. 8.8±1.9 m s -1 ; P¼0.02). This study suggests that immunosuppression might be a method of reducing blood pressure and arterial stiffness in patients with chronic kidney disease.
INTRODUCTION
Cardiovascular disease is the leading cause of morbidity and mortality in patients with chronic kidney disease (CKD). Indeed, the risk of death from a cardiovascular event is far greater than the risk of progression to end-stage renal failure. 1 Even after adjusting for traditional cardiovascular risk factors, there is a higher rate of cardiovascular events in patients with CKD than in healthy subjects, which suggests that additional mechanisms are responsible for this excess risk. 1 The relationship between inflammation and cardiovascular disease in the general population is well established. 1,2 CKD is a proinflammatory state and evidence is accumulating to support a pathogenic role for inflammation in the increased risk of cardiovascular disease associated with this condition. 1, 2 Interestingly, in patients with other inflammatory diseases, such as rheumatoid arthritis 3 or systemic lupus erythematosus, 4 the increased use of immunosuppression is associated with a reduction in surrogate markers of cardiovascular risk.
Increased arterial stiffness is a powerful, independent predictor of cardiovascular morbidity and mortality, 5 and may be important in driving the increased cardiovascular risk associated with CKD. 6 It is raised in various clinical conditions such as rheumatoid arthritis 7 and active systemic vasculitis 8 and in patients with renal disease. [9] [10] [11] [12] [13] Arterial stiffness may be reversible, at least to a degree, and a reduction in stiffness is associated with improved survival. 14, 15 Patients with rheumatoid arthritis treated with immunosuppressant anti-tumor necrosis factor therapy showed a reduction in large artery stiffness to levels similar to that found in healthy controls. 3 Carotid-femoral pulse wave velocity (PWV) has been identified by expert consensus as the gold standard for measuring arterial stiffness. 5 Measures derived from pulse wave analysis (central systolic and pulse pressure, systolic augmentation pressure and the augmentation index (AIx)) are also considered indirect, surrogate markers of arterial stiffness and provide additional information on arterial wave reflections. 5 These surrogate markers are emerging as powerful predictors of cardiovascular mortality and events in dialysis and hypertensive patients as well as in patients with established coronary artery disease. 5 CKD patients are known to have increased arterial stiffness that may be mediated by the uremic inflammatory environment. We hypothesized that CKD patients on long-term immunosuppressive treatment would have reduced arterial stiffness compared with non-immunosuppressed CKD patients and that this is mediated by a reduction of inflammation. Given that arterial stiffness and blood pressure are strongly interlinked and that CKD patients are treated to nationally set blood pressure targets, 16 we also hypothesized that patients on long-term immunosuppression would require treatment with less antihypertensive medication.
METHODS Patients
A total of 254 patients were recruited from specialist renal clinics at the University Hospital Birmingham from May 2004 to October 2007. All patients with CKD as defined by the Kidney Dialysis Quality Outcomes Initiative, 17 and stable renal function (defined as a change in glomerular filtration rate (GFR) of o5 ml min -1 per 1.73 m 2 in the preceding 3 months) with no change in medication in the preceding 3 months were eligible for inclusion. Patients with atrial fibrillation, known left ventricular dysfunction or with signs and symptoms of congestive heart failure were excluded. Patients were classified as being on chronic immunosuppression if they had been on an immunosuppressant agent (prednisolone, azathioprine, mycophenolic acid) for 46 months prior to enrolment. A 6-month minimal treatment period was selected to exclude patients on short courses for renal or non-renal indications. A minimum of 6 months was also considered a reasonable period for chronic oral immunosuppression to have any significant effect on blood pressure or arterial stiffness. Patients on calcinuerin inhibitors were excluded because of the known direct hemodynamic effects of these agents. GFR was estimated by the four-variable Modification of Diet in Renal Disease formula with serum creatinine recalibrated to be traceable to an isotope-derived mass spectroscopy method. 18 All patients were treated to a target blood pressure of 140/90 mm Hg, or 130/80 mm Hg if significant proteinuria (urinary albumin/creatinine ratio 470 mg mmol -1 ), as per national guidelines. 16 Approval for the study was obtained from the South Birmingham Research Ethics Committee and written informed consent obtained from each participant.
The presence of cardiovascular disease was defined as a history of myocardial infarction, treatment for angina, angiographically proven coronary artery disease, coronary artery bypass graft, percutaneous coronary angioplasty, hemorrhagic stroke, ischemic stroke, transient ischemic attack, carotid artery revascularization, intermittent claudication, angiographically proven peripheral artery surgery, aortic aneurysm, angiographically proven renal artery stenosis or renal artery revascularization.
Peripheral blood pressure measurement
Brachial artery pressure was measured in duplicate using validated oscillometric techniques (HEM-705CP; Omron Corp., Tokyo, Japan 19 or Dinamap Procare 200, GE Healthcare, Milwaukee, WI, USA) 20 according to the British Hypertension Society Guidelines. 21 
Pulse wave analysis
Central pressure waveforms were derived and analyzed using the technique of pulse wave analysis (SphygmoCor; Atcor Medical, Sydney, Australia) as previously described. [22] [23] [24] In brief, a high-fidelity micromanometer (SPC-301; Millar Instruments, Houston, TX, USA) was used to flatten, but not occlude the radial artery using gentle pressure. Data were collected directly into a portable computer and, after 11 s of data capture, an averaged peripheral waveform, and a corresponding central waveform, was generated. The central waveform was then analyzed using the system software to determine the AIx and central aortic pulse pressure and systolic pressure. AIx represents the difference between the second and first peaks of the central pressure waveform in systole, expressed as a percentage of the pulse pressure. Values are reported as the mean of two stable readings. The method has been shown to be reproducible in both healthy subjects and in patients with renal impairment. [22] [23] [24] Given the known effects of heart rate, the results for AIx were corrected to a heart rate of 75 beats per min (AIx 75 ). 25 
Pulse wave velocity
Carotid-femoral PWV was measured using the SphygmoCor by sequentially recording electrocardiogram -gated carotid and femoral artery waveforms. The path length was calculated by subtracting the distance between the sternal notch and carotid recording site from the distance between sternal notch and femoral site. The method has been shown to be reproducible in both healthy subjects and in patients with renal impairment. 22, 26 
Laboratory parameters
Highly sensitive C-reactive protein (hsCRP), cholesterol, glucose and albumin were measured using standard methodology.
Statistical analysis
Data were analyzed with SPSS software (version 16; SPSS, Chicago, IL, USA). Continuous variables were compared using either Student's t-test or one-way analysis of variance after log transformation for non-normally distributed variables. Categorical variables were compared using Pearson's w 2 test. Simple correlations were performed using Pearson's test. Because of the obligatory covariance between variables, multivariate analysis was performed using a stepwise method to determine the independent predictors of PWV and systolic blood pressure as in previous studies. [27] [28] [29] Factors for the stepwise method were considered either because they were established or putative determinants of stiffness or were based on an initial regression analysis with an 'enter' model, whereby factors were included if they achieved a significance value of o0.10.
Values are represented as means ± s.d. or medians (interquartile range).
A probability of o0.05 was considered significant.
PWV is in part blood pressure and heart rate dependent, and hence values were, adjusted for mean arterial pressure and heart rate at the time of measurement before further analysis. Adjustment was performed by a linear regression of the three variables. The residual values were then added to the mean PWV. 27 Values presented were the adjusted measurements.
Studying 98 patients in each group would give us a 95% power to detect a difference of 0.4 m s -1 between groups based on our previously published work on arterial stiffness in CKD, 30 where patients had a PWV of 8.3 m s -1 with the s.d. of 1.7 using a two-tailed test at the 5% significance level.
RESULTS

Patient characteristics
In all, 97 patients on immunosuppression (Wegener's granulomatosis 47, microscopic polyangiitis 18, systemic lupus erythematosus 10 and other 22) and 157 patients not on immunosuppression (IgA nephropathy 19, renovascular/hypertensive disease 19, reflux/obstructive nephropathy 18, adult polycystic kidney disease 15, focal segmental glomerulosclerosis 13, other glomerulonephritis 20, single kidney 10, diabetic nephropathy 7, interstitial nephritis 3 and small kidneys at presentation/unknown 33) were recruited. The clinical characteristics are summarized in Table 1 . All except three patients on immunosuppression were receiving corticosteroids. Patients had been on continuous immunosuppressive treatment for a median of 45 months (range 6-162) months. No patients were taking non-steroidal anti-inflammatory drugs. There were no differences between the groups in sex, age, weight, height, prevalence of diabetes mellitus, history of cardiovascular disease and current or previous smoking history. Although mean arterial blood pressure was similar in both groups (P¼0.4), the average number of antihypertensive medications per patient was considerably less in the immunosuppressed group (2.3 vs. 1.4 agents; Po0.001; Table 1 ).
Biochemical variables are summarized in Table 1 . Patients on immunosuppression had better kidney function than non-immunosuppressed patients with a GFR (46±18 vs. 41±19 ml min -1 per 1.73 m 2 ; P¼0.02). They also had higher serum glucose, total cholesterol and albumin and lower serum phosphate concentrations than the non-immunosuppressed CKD group. There were no differences between the groups with respect to hsCRP.
Hemodynamics
The hemodynamic parameters for both groups are summarized in Table 2 . There were no significant differences in PWV or timing of the reflected wave between the two groups as a whole. Patients on immunosuppression had lower central augmentation pressure (11±8 vs. 15±8 mm Hg; Po0.001) and AIx (25±13 vs. 30±10; P¼0.002) than non-immunosuppressed CKD patients, although the difference in AIx was not significant when corrected for a heart rate of 75 b.p.m. (AIx 75 : 24 ± 10 vs. 26 ± 10%; P¼0.8). Peripheral pulse pressure was significantly lower in the patients on immunosuppressant medication than the non-immunosuppressed CKD patients. They also had lower central systolic (122 ± 15 vs. 129 ± 20 mm Hg; P¼0.04) and pulse (42±15 vs. 49±14 mm Hg; P¼0.005) pressures than the nonimmunosuppressed patients. The pulse pressure amplification ratio (central pulse pressure/peripheral blood pressure) was lower in the immunosuppressed group (Po0.001).
There were no significant differences in PWV between patients treated with steroids only (n¼31) or those taking steroids with azathioprine or mycophenolic acid (n¼63) (8.4 ± 2.6 vs. 8.8 ± 2.9 m s -1 ; P¼0.6). The number of antihypertensive medication was the same in both groups (1.4 ± 1.2 vs. 1.4 ± 1.0; P¼1.0).
Hemodynamics and GFR quintiles
Because of the difference in renal function between the two groups, the whole cohort was divided into quintiles according to GFR (Table 3 ) and analyzed by two-way analysis of variance. Age, peripheral and central blood pressure, PWV and hsCRP all increased with worsening GFR. Neither augmentation pressure nor AIx 75 increased with worsening GFR. The number of antihypertensives per patient increased with worsening renal function (Po0.001).
Impact of immunosuppression on hemodynamics within GFR quintiles Age and peripheral blood pressure were not different between immunosuppressed and non-immunosuppressed patients within each quintile (Table 3) . PWV was not significantly higher in the nonimmunosuppressed patients compared with immunosuppressed patients within quintiles (P¼0.3). Other measures of arterial stiffness such as central systolic and pulse pressure were lower in the immunosuppressed group than in the non-immunosuppressed group (P¼0.02 and P¼0.004, respectively). The pulse pressure amplification ratio was consistently lower in the immunosuppressed patients compared with the non-immunosuppressed patients (Po0.001).
Highly sensitive CRP was consistently higher in the immunosuppressed patients within quintiles, although this only just reached statistical significance (P¼0.046). The number of antihypertensives per patient was higher in the non-immunosuppressed patients in all quintiles (Po0.001).
Impact of immunosuppression on hemodynamics in a matched cohort of CKD patients with a confirmed renal diagnosis but without diabetes mellitus or any evidence of cardiovascular disease Because the inclusion of patients with diabetes mellitus and cardiovascular disease may have confounded our results, we excluded all patients with these conditions. Moreover, we also excluded patients in whom the renal diagnosis was uncertain. From these patients, we carefully matched 31 as many pairs from this group for gender, age (within 5 years), GFR (within 5 ml min -1 per 1.73 m 2 ) and brachial systolic blood pressure (within 10 mm Hg). Thirty pairs were identified that fulfilled these criteria and their characteristics and hemodynamic data are presented in Table 4 . As would be expected, both groups were well matched in age, GFR, gender and peripheral blood pressure. There were no differences in serum calcium or phosphate concentrations. The immunosuppressed group had lower central pulse pressure (P¼0.04) than the nonimmunosuppressed group, despite very similar peripheral pulse pressure. There were no differences in AIx 75 . PWV was higher in the non-immunosuppressed group than the immunosuppressed group (8.8±1.9 vs. 7.5±1.8 m s -1 : P¼0.02). The mean number of antihypertensives was lower in the immunosuppressed group (P¼0.04).
Determinants of unadjusted pulse wave velocity and brachial systolic blood pressure In univariate analysis, PWV was not associated with the use of immunosuppressant therapy but was positively correlated with age, history of cardiovascular disease, diagnosis of diabetes mellitus, number of antihypertensive drugs, mean arterial pressure, hsCRP, and negatively with GFR (r¼À0.25, Po0.001) at the o5% level. In a stepwise regression model for PWV (Table 5a) , age, mean arterial pressure, number of antihypertensive medications and a diagnosis of diabetes were found to be independent predictors (R 2 ¼0.375; Po0.001).
In univariate analysis, brachial systolic blood pressure was positively associated with age, history of cardiovascular disease, diagnosis of diabetes mellitus, number of antihypertensive drugs, hsCRP, PWV and negatively with GFR at the o5% level. In a stepwise regression model for brachial systolic blood pressure (Table 5b) , PWV and estimated GFR were found to be independent predictors (R 2 ¼0.22; Po0.001).
Serum calcium and phosphate concentrations and the calciumphosphate product were not associated with PWV or brachial systolic pressure in univariate analysis and were not independent predictors in either regression model.
DISCUSSION
This study found a significant difference in PWV, the generally accepted gold standard measure of arterial stiffness, between closely matched non-diabetic immunosuppressed and non-immunosuppessed CKD patients without cardiovascular disease. This study also supports our secondary hypothesis that immunosuppressed CKD patients require treatment with less antihypertensive agents than non-immunosuppressed patients. Patients with known CKD are treated to achieve nationally set blood pressure targets, and thus our study provides some indirect support to the theory that treatment with immunosuppressant medication lowers blood pressure in CKD patients. However, an interventional study would be required to prove this. Our stepwise regression model for PWV has an R 2 value of 0.375, which is comparable to other major studies in disease states. 29 This does leave a significant amount of variability, and other factors, such as disorders of calcium-phosphate metabolism, require further investigation in future studies. 32 In this study the main determinants of PWV in the general population, including diabetes, still hold true for our patients with CKD, with some notable exceptions. 28 The influence of sex appears to have been lost and the number of antihypertensive medications taken is associated with higher PWV. However, there are several well-documented problems with the use of stepwise regression analysis and it is possible that several factors may have been excluded from the final model inappropriately. [33] [34] [35] Most antihypertensives either improve or have a neutral effect on arterial stiffness. 36 Interestingly, we have shown lower use of antihypertensive agents across most GFR quintiles in patients on immunosuppression treatment associated with lower PWV. There are now several reports that immunosuppression lowers blood pressure in non-immunological experimental models of hypertension and renal disease. 37 There is also an intriguing preliminary report of mycophenolate mofetil lowering blood pressure in eight patients with rheumatoid arthritis or psoriasis. 38 However, to the best of our knowledge, this is the first report in which long-term immunosuppression appears to be associated with reduced use of antihypertensive medication in a human population. Interestingly, a recent report showed that PWV is lowered by immunosuppression in patients with rheumatoid arthritis independently of blood pressure. 3 Patients on immunosuppression had higher single measurement hsCRP than non-immunosuppressed patients across the quintiles of renal function as previously reported. 39 Whether this finding reflects ongoing increased inflammation or reflects that hsCRP is a poor marker of inflammation in a number of conditions is unclear. Given that it just reached statistical significance with a P-value of only 0.046 suggests it requires confirmation in a larger study. An interventional study would hopefully elucidate any potential mechanisms for this. However, studies of arterial stiffness in rheumatoid suggest controversy in the relative importance of current 3,7 vs. historical inflammation. 40, 41 In this study GFR was associated with systolic blood pressure and PWV in univariate analysis. However, GFR was associated with systolic blood pressure in univariate and multivariate analyses. Pulse pressure is considered a surrogate marker of arterial stiffness. 5 We have found that central and brachial pulse pressures were lower in the immunosuppressed group, resulting in higher pulse pressure amplification. This might have significant prognostic implications. 5, 42 The immunosuppressed group had higher cholesterol and glucose levels, with one possible explanation being the use of continuous corticosteroid treatment. Hypercholesterolemia and diabetes are both associated with increased arterial stiffness, 43, 44 and these associations may have also contributed to further clouding any potential association between lower arterial stiffness and immunosuppressant use, as indeed would have been the adverse vascular effects of corticosteroids. 45 Several studies have reported an association between corticosteroid treatment and increased cardiovascular risk. 45 However, use of methotrexate in patients with rheumatoid arthritis is associated with reduced intima-media thickness and reduced cardiovascular mortality. 46, 47 Similarly, use of cyclophosphamide is negatively associated with atheromatous plaque in patients with systemic lupus erythematosus. 4 Thus, it is possible that different immunosuppressive agents may have different overall effects on cardiovascular risk, with any arterial stiffness lowering effects being counteracted by atheroma and increased arterial stiffness promoting actions of corticosteroids such as hyperglycemia and hypercholesterolemia. All but three of our immunosuppressed patients were taking steroids. Thus, it was not possible to examine the effects of steroid-free immunosuppression in our cohort.
There are limitations to our study. Its cross-sectional nature; the inclusion of patients with pre-existing cardiovascular disease; and the coexistence of treatment for inflammatory conditions, diabetes, hypertension and hypercholesterolemia may all have affected the results. However, this is the clinical reality of the patient who has CKD and is at high cardiovascular risk. We have done our best to minimize the impact of these potential confounders by repeating all the analyses excluding patients with any history of cardiovascular disease, diabetes mellitus, renovascular or hypertensive kidney disease and included only patients with a proven renal diagnosis. These analyses have confirmed our findings when all patients were studied and indeed appear to strengthen them. Despite our best efforts to correct for any factors that may have affected our results, we cannot be sure to have eliminated any residual confounding. GFR was not measured directly but calculated from serum creatinine and this may have affected the accuracy of the relationship described. Only use of antihypertensive drug category data were collected. Although it is possible that a systematic use of higher drug doses in one group may have affected the results, we believe this to be very unlikely given that all patients were being treated by the same group of physicians. Although PWV is the currently accepted gold standard measure for arterial stiffness, it is not without its limitations, especially in relation to patient factors such as obesity and peripheral artery disease. 5 However, we have attempted to minimize any effect by very closely matching the groups. We emphasize that the observational nature of our study also only allows associations between parameters to be drawn, and causality cannot be implied.
Our data provide some support to the hypothesis that long-term use of immunosuppressive medication may reduce arterial stiffness and improve blood pressure control in patients with CKD. Our findings have implications for further research that could potentially markedly change the conventional management of these patients. The significantly increased cardiovascular risk associated with CKD is not totally accounted for by traditional risk factors. CKD is a proinflammatory state and chronic inflammation has long been associated with an increased cardiovascular risk in many different populations. The results of this study provide further support for an interventional study targeting inflammation in these patients.
